. Initial clues to the antagonistic role of kinases and Summary phosphatases came from pharmacological and genetic studies that indicated that PKA is required for the exThe threshold for hippocampal-dependent synaptic pression of persistent LTP because of its role in supplasticity and memory storage is thought to be deterpressing an endogenous phosphatase cascade (Blitzer mined by the balance between protein phosphorylaet al., 1995; Abel et al., 1997). Consistent with this idea, tion and dephosphorylation mediated by the kinase overexpression of CN in forebrain of transgenic mice PKA and the phosphatase calcineurin. To establish was found to impair an intermediate and PKA-depenwhether endogenous calcineurin acts as an inhibitory dent phase of LTP, as well as the transition from shortconstraint in this balance, we examined the effect of to long-term memory and memory retrieval (Mansuy et genetically inhibiting calcineurin on plasticity and memal., 1998a, 1998b; Winder et al., 1998). These results ory. Using the doxycycline-dependent rtTA system to suggested that CN can act as an inhibitory constraint on express a calcineurin inhibitor reversibly in the mouse PKA-dependent processes and downregulate pathways brain, we find that the transient reduction of calsupporting synaptic plasticity and memory. cineurin activity facilitates LTP in vitro and in vivo. This A more direct test of the idea that PKA and endogefacilitation is PKA dependent and persists over several nous CN serve to balance one another would require days in vivo. It is accompanied by enhanced learning demonstrating that relief of the inhibitory constraint apand strengthened short-and long-term memory in plied by CN enhances both LTP and memory. We thereseveral hippocampal-dependent spatial and nonspafore generated transgenic mice in which CN activity is tial tasks. The LTP and memory improvements are decreased by the expression of a specific inhibitor. To restrict the inhibitor expression both temporally and re- tation of LTP both in vitro and in vivo in the Schaffer vealed it also in striatum, olfactory bulb, and cerebellum ( Figure 1D ). In both hippocampus and cortex, transgene collateral pathway to the pyramidal cells of the CA1 region in hippocampus and in the perforant pathway to expression resulted in a 35%-45% decrease in CN activity ( Figure 1C , p Ͻ 0.05). This decrease was reversed the dentate gyrus, and that the enhanced LTP is PKA dependent. The facilitated LTP was accompanied by a when transgene expression was suppressed by withdrawal of the mutant mice from dox. Thus, 12 days after reversible enhancement of several phases of spatial and nonspatial learning and memory. These experiments dox removal following a 1-week treatment, transgene mRNA was no longer detected in hippocampus and demonstrate that transient reduction of CN activity in the adult brain is sufficient to enhance synaptic efficacy cortex ( Figure 1B ) and CN activity returned to baseline ( Figure 1C (Mansuy et Hz in the Schaffer collateral pathway to area CA1 of hippocampal slices. We observed that in slices from al., 1998b) ( Figure 1A ). In double transgenic animals (mutants), doxycycline (dox) induced the expression of mutants expressing the CN inhibitor, LTP was increased compared to controls (155 Ϯ 10 versus 121 Ϯ 6% basethe CN inhibitor. CN inhibitor mRNA was detected in extracts from hippocampus and cerebral cortex from line 30 min after tetanus, Figure 2A , p Ͻ 0.05). We next assessed whether this enhanced LTP was PKA depen-3-week-old (data not shown) and adult ( Figure 1B ) mutants on dox while it was absent in tissue from control dent using the PKA inhibitor KT5720. Consistent with previous studies (Huang and Kandel, 1994; Abel et al., mice. In situ hybridization confirmed the presence of transgene mRNA in hippocampus and cortex, and re-1997), 30 min pretreatment with KT5720 had no effect on 1-train LTP in control slices (134 Ϯ 6% baseline 30 in greater depolarization during the tetanus since paired-pulse facilitation (PPF), an index of presynaptic min after tetanus, Figure 2B ). However, in mutant slices, the increased potentiation was suppressed by KT5720 activity and release probability, was markedly facilitated in mutants on dox compared to controls, suggesting (168 Ϯ 17 versus 126 Ϯ 7% baseline 30 min after tetanus, Figure 2B ), suggesting it required PKA activity. rather a reduced release probability in mutant mice (Figure 3E ). Four independent experiments suggest that the LTP enhancement does not represent a nonspecific alteration
The enhancement of LTP observed with one 100-Hz train may be reflecting a decrease in the threshold for of synaptic transmission. First, the enhanced LTP was dependent on N-methyl-D-aspartate receptor (NMDA-R), the induction of LTP or an enhanced maintenance of LTP. To distinguish between these possibilities, we exas it was abolished by the NMDA-R antagonist DL-AP5 (100 M, Figure 2C ). Second, basal synaptic transmisamined LTP induced with four 100-Hz trains. 4-train LTP was nondecremental and similar in slices from mutant sion was normal in mutants on dox as assessed by stimulus-response curves of baseline fEPSPs versus and control mice on dox ( Figure 2F ). However, 4-train LTP was not further enhanced by another 4-train tetanipresynaptic fiber volley sizes across a range of stimulus intensities ( Figure 2D) . Third, the total depolarization zation in slices from controls ( Figure 2E ) or from mutants on dox (data not shown), indicating that the evoked LTP elicited by the tetanus (estimated by the area under the fEPSPs during tetanus) was indistinguishable between was saturated. These data, therefore, are consistent with a role for CN in regulating the induction of LTP. mutant and control slices (inset Figure 2A; Finally, to determine whether the enhancement of 1-train LTP and PPF was a direct effect of the transgene, we assessed whether suppression of transgene expression in adult could reverse this enhancement. Slices from mutants in which transgene expression was induced for 1 week then blocked by dox removal for 2 weeks prior to experimentation (on/off dox) displayed similar 1-train LTP (131 Ϯ 6% baseline 30 min after potentiation, Figure 3D ) and PPF ( Figure 3F ) to control slices, indicating that the enhancement of LTP and PPF is a direct effect of the CN inhibitor. data not shown). At present, the cause of this difference between preparations is unclear. One possibility is that
LTP Is Also Enhanced In Vivo in Both CA1 and Dentate Gyrus
In dentate gyrus of anesthetized mice, 400 Hz tetanic while in vivo recordings were performed in the dorsal stimulation induced a stable and significant LTP of 1/3 of the hippocampus, in vitro recordings were from fEPSP in all mice tested ( Figure 4B ). As in CA1, LTP was slices of the middle 2/3 of the hippocampus. PPF was significantly greater in mutant compared to control mice reported to be greater in more dorsal than ventral por-(p Ͻ 0.05). Associated increases in population spike tions of the hippocampus (Papatheodoropoulos and Kosamplitude were also larger in mutants (by 4.9 Ϯ 1.5 mV, topoulos, 2000). Regardless, the fact that similar modula-50-60 min post-tetanus) than in controls (by 3.1 Ϯ 0.7 tion of LTP is seen in both preparations suggests that mV), although this enhancement of spike potentiation altered PPF does not play a critical role in the enhancement of LTP.
was not significant (data not shown). Stimulus-response curves and PPF again appeared normal in mutants (data not shown), once more indicating normal basal transmission and excitability. We next examined the time course of LTP over several days in the dentate gyrus of awake animals with chronically implanted electrodes. LTP was induced using a pattern of tetanic stimulation identical to that in anesthetized mice. Population spike amplitudes were potentiated to similar extents one and three hours after LTP induction ( Figure 4C) . However, spike amplitudes in mutant mice remained robustly elevated for at least 3 days after tetanic stimulation (p Ͻ 0.05 versus control group) while in control mice, potentiation was no longer significantly different from baseline after 3 days. By 5 days, although spike amplitudes remained potentiated in mutant animals, there was no significant difference between genotypes. Potentiation is expressed as change in population spike amplitude since the initial fEPSP slope was often obscured by the spike in awake animals.
CN Inhibition Enhances Short-Term Memory for Object and Spatial Configurations
To examine whether a reduction in CN activity leading to increased LTP might improve memory, we first tested the animals on a spontaneous object recognition task. This task is based on the discrimination between a familiar and a novel situation and requires the hippocampus (Vnek and Rothblat, 1996). We assessed the ability of the animals to discriminate either between a novel and a familiar spatial location of an object, or between a novel and a familiar object. Mice were first trained with a complex protocol for which they were placed in an arena containing three novel objects that they were allowed to explore for three sessions of 5 min each. In the first session, all groups spent a similar amount of time exploring the objects (25%-35% total time), then exploration decreased, indicating comparable habituation to the objects and attention in all groups (Figure 
.05] (Figure 5G). Mutant mice not withdrawn from dox Intermediate to Long-Term Memory Is Also
and tested again after 2 weeks exhibited enhanced exImproved by CN Inhibition ploration similar to that observed during the first testing To assess whether enhanced memory could also be session (data not shown). These results indicated that observed after longer retention intervals, the discriminathe enhancement in memory is reversible and therefore tion ratio was examined 3 hr and 24 hr after acquisition.
is a direct consequence of transgene expression in the Again, mutant mice on dox displayed greater preference adult. for the novel object than control mice after 3 hr [F(1,14) ϭ 8.18, p Ͻ 0.05], although both groups explored the novel Spatial Learning and Memory Is Facilitated object preferentially ( Figure 5D ). However, by 24 hr, the with the CN Inhibitor discrimination ratio was low in both groups ( Figure 5D ).
To assess whether memory was enhanced on other beThese results suggested that the CN inhibitor improves havioral tasks, we used the Morris water maze, a hippomemory not only at short but also at intermediate retencampal-dependent task that challenges spatial learning tion intervals. and memory (Morris et al., 1982) . On this task, animals Next, to examine whether long-term memory could learn the position of a hidden escape platform in a circualso be improved, we trained the animals on a simple lar pool using distal cues. During acquisition, mice from and more intense protocol. This protocol consisted of all groups showed a decrease in escape latency (Figure two training sessions with two objects, and after a reten-6A) and path length (data not shown) across days, indition interval of 24 hr, 3 days, 1 week, or 2 weeks, one cating learning of the platform position (all groups, p Ͻ familiar object was replaced with a novel object. We 0.0001). Similarly after the platform was moved to a found that after 24 hr, both control mice and mutant different location in the pool (transfer), a decrease in mice on dox displayed a large preference for the novel latency and path length was observed across time (Figobject, indicating . We used a classical random foraging paradigm for which animals had to retrieve food the animal's proximity to the platform with the cumulative search error (CSE), an index of navigation precision. baits in eight arms of a radial arm maze (Cassel et al., 1998) . The optimal strategy for the animals to be re-CSE was determined by adding together the distance between the animal and the platform every second for warded is to remember the arms already visited while performing the task. On this task, no significant differeach trial. Consistent with the decrease in latency, all groups showed a decrease in CSE over both training ence in the number of errors or the rank of error between groups was found, suggesting no effect of the CN inhibiphases (p Ͻ 0.0001). But again, mutant mice on dox displayed significantly lower CSE than controls [F(1,70) ϭ tor on working memory ( Figure 7D ated for a week to retrieve food pellets in cups placed at the end of each arm of an elevated 8-arm radial maze. Mice were tested for 1 week and allowed eight visits each day then dox was removed Experimental Procedures and animals were tested again 2 weeks later. Errors (runs into an already visited arm) and rank of the first error were recorded.
Generation of Transgenic Mice
A founder carrying the tetO-AI transgene was crossed to C57Bl/6J
